Wound dressings should ideally be able to maintain high humidity, remove excess wound exudate, permit thermal insulation, provide certain mechanical strength, and in some cases deliver antibiotics to prevent infections. Until now, none of the existing wound dressing products can meet all these requirements. To design a wound dressing with as many of the aforementioned features as possible, in this study, we attempted to prepare ciprofloxacin (CIP), an antibiotic, loaded electrospun hydrophobic poly (lactic-co-glycolic acid) (PLGA) fibrous mats modified with hydrophilic sodium alginate (ALG) microparticles. The results showed that ALG could improve the wettability, water absorption capacity, and enhance the release rate of ciprofloxacin from the PLGA fibrous mats. In addition, the addition of ALG reduced the stiffness of PLGA fibrous mats for better protection of the injured area as indicated by the Young's modulus. Moreover, the burst release of CIP resulted from the addition of ALG seemed to provide an improved antimicrobial effect to the PLGA mats. This study demonstrated the potential of combining hydrophilic and hydrophobic polymers to design the desired wound dressings via the electrospinning process.
Introduction
Wound healing is a complex process beginning with haemostasis, inflammation and removal of damaged matrix components, followed by tissue formation and remodeling [1] . Generally, inflammation occurs immediately after tissue damage, and new tissue formation occurs 2-10 days after injury with cellular proliferation and migration of different cell types to the site of injury. Remodeling is the final stage of wound healing, beginning 2-3 weeks after injury and continuing for a year or more. Healing of chronic wounds normally takes more than 12 weeks and often the wounds reoccur [2] . Chronic wounds are often heavily contaminated and usually involve significant tissue loss affecting vital structures of bones, joints, and nerves. Such wounds fail to heal due to repeated trauma to the injured area, and moreover physiological conditions such as diabetes, persistent infections, and poor primary treatment can also affect the healing [3] . Furthermore, impaired wound healing can lead to an excessive production of exudates causing maceration of the healthy skin tissue around the wound [4] .
For better wound healing, a non-toxic and non-adherent wound dressing should be utilized. It should perform as a protective barrier, but also aid healing of the wound by fulfilling an array of requirements such as maintaining high humidity, removing excess wound exudates, and permitting thermal insulation. Further, it is beneficial if the dressing can allow for gas exchange, conforming to the wound surface and also be impermeable to microorganisms [5] [6] [7] . However, none of the currently used wound dressing can fulfil all these reqirements. The majority of applied wound dressings can be classified as hydrocolloids, hydrogels, foams, or films [6, 8, 9] . Hydrocolloids and hydrogels can maintain moist wound environments and are usually used together with other functional layers. However, for the hydrocolloid wound dressings, the excessively moist environment caused by absorbing wound fluids might accelerate autolysis of necrotic tissue and increase the risk of infection [10] . In contrast, the hydrogels can swell or shrink in a reversible way, depending on the pH and ionic strength of the aqueous environment. This kind of wound dressing is more efficient when used for wounds with few exudates [8] . Foam-type dressings are also used for moderate/high draining wounds due to their high absorbance capacity, whereas films are normally durable, semi-permeable, and impermeable to liquid and microbial contamination [11] . However, medicated wound dressings based on films, which are characterized by incorporating an active agent in the films, do not have the capacity to absorb exudates [12] . To incorporate as many of the above-mentioned requirements as possible, new design of wound dressings are therefore desperately needed, and ideally they should be produced with an easy operating process. Nanofibrous mats produced by electrospinning have been reported to be good candidates for wound healing due to their unique properties, e.g. mimicking the biostructure of the extracellular matrix with high porosity aiding in exchanging of liquid and gases with the environment [13] [14] [15] . Electrospun fibrous mats (EFMs) possess small pores, which can protect the wound from microbial penetration via aerosol particle capturing mechanisms [16] . In addition, therapeutic agents such as antimicrobials can be incorporated into the EFMs and thereby provide protection of the wound from contamination.
Numerous natural polymers can be electrospun into fibrous mats for wound dressings, they are in general biocompatible and biodegradable, and moreover, have great similarity to the extracellular matrix. In previous studies, materials such as silk [17] and collagen [18] have been elecrospun into nanofibrous mats for wound healing. However, natural polymers exhibit a large variation in physicochemical characteristics due to the fact that they are materials derived from animals and plants from different sources and forms [19] , and in addition some natural polymers cannot be electrospun into fibers owing to a few reasons such as high viscosity associated with their high molecular weight, degradation in solution, and difficulty to dissolve in adequate solvents [20, 21] . Furthermore, nanofibers prepared from most natural polymers lack the desired mechanical properties with regards to less than 10% elongation at break [22] . In contrast to natural polymers, synthetic polymers have more diverse physicochemical properties, including some being hydrophilic and others hydrophobic, good mechanical properties, and they are often also cheap, show little batch to batch variations and a higher degree of purity [21, 23] . The disadvantage of synthetic polymers is that they lack the biochemical signatures expressed in native fibers of the body. In order to form suitable and biomimetic nanofibers, natural and synthetic polymers may be combined.
In this study, poly (lactic-co-glycolic acid) (PLGA) and sodium alginate (ALG) were combined and processed by using electrospinning to obtain nanofibrous mats with desired physicochemical properties for wound healing. ALG is one of the most studied and applied polysaccharides in wound healing, due to its abundance in nature, and its high water uptake potential [24] . PLGA was chosen because it is a biocompatible and biodegradable synthetic polymer, approved by FDA for a wide pharmaceutical application. Ciprofloxacin (CIP) was incorporated into the nanofibrous mats as a model antibiotic, and the resulting EFMs were characterized in vitro for their physicochemical properties and their antibacterial activity towards Staphylococcus aureus.
Materials and methods

Materials
PLGA (lactic acid (LA): glycolic acid (GA), 75:25, molar ratio) with inherent viscosity (25°C, 0.1% chloroform) in the range 0.8-1.2 dl/g (RG750, MW 120,000-190,000 g/mol) was purchased from Evonik industries (Darmstadt, Germany). Trifluoroethanol, Mueller-Hinton broth, tryptic soy agar and chloroform were obtained from SigmaAldrich (Brøndby, Denmark) together with ciprofloxacin (CIP), sodium alginate (ALG) and phosphate buffered saline (PBS) tablets. UltraCruz® Petri Dishes sc-351865, 100 mm × 15 mm were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and Staphylococcus aureus-15981 was kindly provided by the Institute of Immunology and Microbiology, University of Copenhagen, Denmark. Deionised water was obtained from an SG Ultra Clear water system (SG Water USA, Nashua, NH, USA) and was freshly produced in all cases.
ALG particles preparation by spray drying
ALG particles were prepared using a Büchi B-290 mini spray dryer (Buchi Labortechnik, Falvil, Switzerland) equipped with an inert loop B-295 (Buchi Labortechnik). 0.5% (w/v) of ALG solution in water was prepared by spray drying at 170°C of inlet temperature resulting in an outlet temperature of approximately 90°C. The drying air flow rate was kept at 35 m 3 /h with an atomizing air flow rate of 667 L/h and feed flow rate of 2 mL/min.
Preparation of electrospun fibrous mats (EFMs)
25% (w/v) of PLGA was dissolved in a binary mixture of trifluoroethanol and chloroform (4:1 v/v), and left overnight to dissolve. Electrospinning was conducted at room temperature using a syringe pump (Harvard Apparatus, Quebec, Canada) and a 16 gauge needle (inner diameter 1.19 mm and outer diameter 1.65 mm) in a high-voltage supply (20 kV, max.) (Glassman High Voltage, High Bridge, NJ, USA). The flow rate was 10 μL/min, and the distance between the nozzle tip to the grounded collector was 10 cm. The fibers were collected on a stationary plate, and the voltage was adjusted to get a stable cone-jet with minimum change. In order to get homogenous mats for tensile strength test, a rotating drum (1500 rpm) was used to collect the electrospun samples.
For preparation of CIP-loaded EFMs, CIP was dissolved in trifluoroethanol, while ALG particles were re-suspended in chloroform. Subsequently, the solution and suspension were added to the PLGA solution (prepared as described above). The drug loading was approximately 1% (w/w) relative to the PLGA mass ratio, and the amount of ALG in the EFMs was varied to be either 1:100, 2.5:100, and 4:100 (ALG:PLGA, w/w).
Morphology of the EFMs
The morphology of the EFMs was characterized using scanning electron microscope (SEM, Hitachi High-Tech HITACHI, Tokyo, Japan). The EFMs were mounted on metal stubs using double-sided adhesive tape and the samples were coated under vacuum with gold in an argon atmosphere prior to examination followed by imaging at an accelerating voltage of 5 kV. The diameter of electrospun fibers was determined by measuring the geometry of around 100 individual fibers from the SEM images using the instrument software (TM3030).
Water contact angle
For evaluation of the influence of ALG on the hydrophilicity of the PLGA EFMs, the water contact angle was measured using a drop shape analyzer (Mode: DSA100, KRÜSS, Hamburg, Germany). One droplet of water (20 µL) was added on the EFMs, and images of the water droplet were acquired at 0 min, after 30 min and after 2 h to observe the change of water contact angle over time. Each specimen was tested in triplicate.
Water uptake -swelling of the EFMs
The PLGA and ALG/PLGA EFMs were cut into 50 mm × 40 mm squares for assessment of the swelling properties of the fibers. The study was performed as a PBS absorption study. In brief; pre-weighed EFMs (approximately 50 mg) were placed in 50 mL centrifuge tubes containing 40 mL of PBS at pH 7.4, and incubated at 37.0 ± 0.1°C for 4 h. All the samples were tested in triplicate. The wet weight of the samples was determined by weighing immediately after dehydrating the samples with filter paper to absorb water present at the fiber film surface after removal from PBS. The water uptake of the EFMs in PBS was then calculated using Eq. (1) and refered to as swelling (%):
where w 0 and w 1 are the weights of the EFMs before and after immersing in the PBS, respectively.
Water sorption/desorption
Water sorption/desorption studies of the EFMs were performed using a VTI Vapor Sorption Analyzer (SGA-100, VTI Corporation, Hialeah, FL, USA). The water sorption/desorption profile was measured at 25°C and 60°C. The EFMs were dried at 60°C and close to 0% relative humidity (RH), weighed and then weighed after increasing the RH in 10% steps from approximately 0% to 90% RH at 25°C. Equilibrium was assumed when the weight change was < 0.01% over a period of 7 min. Each specimen was measured in triplicate.
Tensile strength
The tensile strength measurements were carried out utilizing a TA.XT plus texture analyzer (Stable Micro Systems, Godalming, UK) using the method described in a previous study [25] . The EFMs were cut into quadrangles of 5 cm × 1 cm, and the thickness of the mats was measured by an electronic micrometer (Schut Geometrical Metrology, Groningen, Netherland). In order to avoid breakage of the sample during the sample fixing, the EFMs were inserted into the gripping part of the probe together with aluminum foil (cut out before the measurements). The test speed was 0.04 mm/s and the gripping distance was 40 mm. Each specimen was tested five times.
Drug release
The release behavior of CIP out of the EFMs was studied in PBS at pH 7.4. EFMs were cut into a specific shape (5 cm × 4 cm), and placed in a centrifuge tube containing 10 mL of PBS. The tubes were shaking in a water bath at 100 rpm at 37°C. At designated time intervals (1, 2, 4, 8, 12, and 24 h followed by 2, 3, 4, 5, 6, 7, and 10 days, then afterwards every week until 14 weeks), 1 mL release medium was taken out and 1 mL fresh PBS was immediately added to maintain the volume. Each specimen was tested in triplicates, and the CIP concentration was measured by UV spectrophotometer (Evolution 300, Thermo Fisher Scientific, Waltham, MA, USA) at 260 nm.
Biodegradation behavior
The biodegradation behavior of the EFMs were evaluated by measuring the weight change after incubating in PBS for a period of time. The initial mass of the samples were measured, and the samples were then degraded by placing them in PBS, pH 7.4 at 37°C. At selected time intervals (1, 3, 5, 7, 9, 11, 13, and 15 weeks), the EFMs were removed from the solution, and the water on the surface was adsorbed by filter paper followed by drying the EFMs in a vacuum oven for 24 h, and then weighed. Each specimen was tested in triplicate. The biodegradation percentage, D (%), was defined as in Eq. (2):
where w i is the initial weight of the sample and w t is the dried weight of the sample at the selected time intervals.
Antimicrobial activity on solid culture medium
Tryptic Soy Agar (TSA) was prepared by dissolving 40 g of dehydrated TSA medium in 1 L of purified, filtered water and sterilized at 121°C for 15 min. Each agar plate was prepared by pouring 10 mL of molten medium into a Petri dish (100 mm × 15 mm), and then the plate was allowed to solidify for 1 h under sterile conditions in the laminar flow. Prior to use, bacteria from cryostock were grown overnight in Mueller-Hinton broth (MHB) at 37°C. The overnight inoculum was transferred to fresh MHB and incubated for 2-3 h to reach exponential growth phase. Bacteria suspensions were adjusted to 0.5 McFarland suspension (1 × 10 8 CFU/mL, optical density at 600 nm (OD 600 ) = 0.08-0.1) and further diluted 1:20 in MHB. A sterile inoculation loop was used to transfer bacteria from suspension to agar plates for contamination check every time bacteria were grown from cryostocks. For plating bacteria on the agar plates, 10 µL of adjusted bacteria suspension was added to 100 µL of MHB to yield 2-5 × 10 5 CFU/mL. 100 µL of the suspension was then spread uniformly across the solid culture, then a round EFM (diameter, 10 mm) was placed on the surface of solid culture medium. Subsequently, the solid culture plates were cultivated in an INCUCELL incubator (MMM Medcenter Einrichtungen, München, Germany) at 37 ± 2°C for 20 h. The relative size of the inhibition zone was measured with calipers and recorded. All the samples were tested in triplicate. Broth micro dilution was used to determine the minimal inhibitory concentration (MIC) for S.aureus 15981 and CIP. Twofold dilutions of CIP in MHB (in the range 128-0.06 µg/ml) were prepared and 100 µL of each concentration was pipetted into a separate well of a sterile polystyrene flat-bottom 96-well plate (Costar Corning® 3596 cell culture plates, Corning, NY, USA). 10 µL of adjusted bacteria suspension was then added to yield 5 × 10 4 CFU/well. For growth control, an antibiotic solution was replaced with MHB. 100 µL of MHB without bacteria was used as control of sterility. The broth dilution plates were incubated as described above. Visual turbidity or sedimentation was defined as bacterial growth, whereas lack of turbidity was considered as inhibition of growth. The lowest concentration of antibiotic that inhibited visual turbidity was defined as MIC value.
Statistics
The data are represented as means ± standard deviation (SD). Statistics were carried out using Origin software (v9.1, academic, OriginLab, Northampton, MA, USA). P-values below 5% (p < .05) were considered statistically significant, unless otherwise stated.
Results and discussion
It has been shown that co-axial electrospinning could be used to process two polymer solutions with different hydrophilicity properties into nanofibrous mats [26, 27] . However, maintaining the stability of the cone-jet in the co-axial electrospinning process is still a challenge due to distinct properties of the two polymer solutions, which may result in non-uniform fiber structure and defects in the mats [14, 28] . Another challenge is obtaining uniform distribution of the active drug compounds incorporated into the fibers. The drug molecules may migrate from one polymer to the other polymer matrix in the electropinning process [29] , and the charge repulsion may lead to an enrichment of charged or polarizable agents on the surface of the fibers [30] . In contrast, electrospinning of heterogeneous systems such as suspension or emulsion using a single nozzle has been proven to be successful in terms of the stability of the electrospinning process and the formation of uniform fibers [31, 32] . In this study, to accommodate both hydrophilic ALG and hydrophobic PLGA in the same EFM, ALG was first spray-dried into particles, and then suspended in PLGA solution. Subsequently, this suspension was processed using the elestrospinning process. A stable cone-jet of the ALG-PLGA suspension was obtained and the physicochemical properties of the resulting nanofibrous mats were characterized as described in the following sections [33] .
SEM of the EFMs
Spray dried ALG particles were spherical with a wide size X. Liu et al.
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distribution ranging from approximately 100 nm to 15 µm (Fig. 1A) . The particles were readily suspended in PLGA-trifluoroethanol solution prior to electrospinning. The EFMs exhibited a uniform diameter except that some beaded fibers were formed in the formulations with a relatively larger amount of spray-dried ALG particles (Fig. 1B-F) . It can be explained by the fact that the size of some of the ALG particles was bigger than the diameter of the electrospun fibers. Nevertheless, stable cone-jets were observed at a voltage of approximately 9 kV for all the processings. The diameter of the resulting EFMs is showed in Table 1 . The results showed that the diameter of EFMs was significantly decreased (p < .05) with the modification of ALG particles compared to pure PLGA EFM. With addition of CIP, there was no significance change between pure PLGA EFM and CIP modified ALG/PLGA EFMs.
Water contact angle of the EFMs
Hydrophilicity is an important quality attribute for wound dressing as it influence cell viability and proliferation rate [34] . To evaluate the hydrophilicity of EFMs, water contact angles of the mats were measured. As expected, due to the hydrophilicity of ALG (water contact angle of 59°) [26] , loading of ALG particles in the PLGA EFMs lowered the water contact angle as compared to the pure PLGA EFM, especially after 30 and 120 min (Fig. 2) . It was found that from 0% ALG to 1, 2.5, and 4% ALG, the water contact angle decreased from 111.7 ± 3.0°to 109.1 ± 2.6°to 103.6 ± 1.1°, and to 97.3 ± 0.7°, respectively after 30 min. After 120 min, the water contact angles of the ALG modified samples all were decreased to a value lower than 66°, close to the water contact angle of ALG. This observation indicates that ALG particles embedded in the PLGA EFMs can get wet by exposing the mats with water for longer time period.
Water uptake -swelling of the EFMs
Water uptake is another critical quality attribute for a wound dressing as it reflects the dressing's capacity to absorb drainage from open wounds. The presence of the hydrophilic polymer ALG obviously enhanced the absorption property to the mats. When incorporating ALG particles into the electrospun fibers, the EFMs absorbed 1.2-2.3 times more water than the PLGA EFM (Fig. 3) . Especially the EFM loaded with 4% ALG particles showed a significant improvement of the water uptake capacity compared to the PLGA EFM (p = .012). The swelling capacity of the mats in this study was much lower than that of the pure ALG wound dressing (swelling capacity, 1300%) due to the limited amount of ALG used to modify the mats [35] . However, the ALGmodified PLGA EFMs reached the same swelling capacity as the one that was prepared from a hydrophilic polymer poly(vinyl alcohol), with the modification of ALG in the same amount [36] .
Water sorption/desorption
Beside the swelling ability of EFMs in PBS solution as aforementioned, the water-solid interactions of EFMs were analyzed by the water sorption/desorption analysis. The percentage of water vapor uptake with respect to the dry polymer weight at different RH is presented in Fig. 4 . The EFMs with high amount of ALG particles showed higher water sorbing capacity as compared to the ones modified with relative lower amount of ALG, whereas the effect was negligible when the amount of ALG particles was 1% as compared to the one without modification of ALG.
Drug release
The release profiles of CIP from PLGA EFM and from ALG/PLGA EFMs were obtained in PBS at pH 7.4 (Fig. 5) . For all the samples, a burst release can be observed in the first 7 days followed by a plateau stage with slow release of CIP continuing for up to 40-50 days. After the slow release phase and until the end of the study (between ca. 50-98 days), there was a fast release until a complete release of CIP from the EFMs. Wound healing is a lengthy process and normally takes between one month and several years, and an antimicrobial effect is necessary during the whole process, especially for the first 5 days after the injury [8] . The burst release can be attributed to the fast release of the CIP precipitated on the surface upon drying. The burst release appears increasing with an increase in ALG particles in the fibers that may be attributed to improved hydrophilicity of the mats upon adding ALG and dissolution of ALG, which generated larger surface area for drug diffusion. PLGA is a biodegradable polymer, which can undergo degradation (a decrease in average molecular weight) and subsequently erosion (a decrease in total mass) during the release study. When the polymer began to erode, more water could penetrate deep into the mats. Therefore, CIP was released faster, where both diffusion and polymer erosion contribute significantly to the drug release [37] . To further investigate the release mechanism of the mats, the degradation rate of PLGA was measured and is described in the next section. Fig. 2 . Water contact angle of EFMs without ALG particles, and with 1, 2.5 or 4% ALG particles. The contact angles were measured at 0, 30 and 120 min in triplicates, and the data shown are representative for the triplicates. Fig. 3 . Swelling capacity of the EFMs with various ALG content ratios when immersed in PBS at pH 7.4 (mean ± SD, n = 3)., the * indicate significant difference for p < .05. Fig. 4 . The water sorption/desorption profiles for EFMs without ALG particles, and with 1, 2.5 or 4% (w/w) ALG particles. The solid line and dotted line represent sorption and desorption process, respectively, and the data shown are representative for the triplicates. The biodegradation rate of polymer is important for a drug delivery system and is strongly related to the drug release profile. PLGA is known to degrade upon hydrolysis. The percentage of weight loss of PLGA and ALG/PLGA EFMs was studied and the results shown in Fig. 6 . For all EFMs, the weight loss increased over time, but was slow in the first 50-80 days. The result was similar to that found in a previous study, where the PLGA with higher molecular weight did not show any detectable change in the degradation until 53 days [38] . After the slow degradation phase, the 4% ALG/PLGA EFM began to have a fast weight loss from day 50, while the other EFMs started to degrade faster after 80 days. Generally, the EFMs with higher amounts of ALG particles degraded faster, which can probably be explained by the swelling and dissolution of ALG, which results in pores in the matrix. This resulted in increased contact between PLGA and the PBS medium, and thereby accelerated the hydrolysis of the PLGA. The difference in the degradation rates between different EFMs became noticeable after 80 days of incubation, and after 105 days of incubation the EFMs disintegrated into small pieces.
Mechanical properties of the EFMs
The mechanical properties of EFMs used as wound dressing are important as it is supposed to serve as a mechanical barrier or to provide physical support for cell growth and migration [34] . The result in Fig. 7 presents the typical stress-strain curves of the EFMs, where the Young's modulus of the EFMs describes stiffness (Fig. 8) . Compared with the PLGA electrospun EFM, both the tensile strength and elongation rate of EFMs containing either ALG particles or CIP decreased dramatically. However, the Young's modulus and tensile strength of human skin are around 60-70 MPa and 17-21 MPa, respectively [39, 40] . Therefore, after blending with ALG particles or CIP, the tensile strength of EFM was much lower than that of human skin, but the Young's modulus was more close to human skin. During the wound healing period, the temporary protection at the injury site after epithelialization is only 15% tensile strength of the original skin, therefore it can be concluded that the electrospun CIP-ALG/PLGA EFMs are strong enough to protect the injury site.
Antimicrobial activity in solid culture medium
The MIC for ciprofloxacin and S. aureus 15981 WT was determined to be 0.125 µg/mL using the broth microdilution method, which was reached at the very beginning (within the first 15 min) of the release study. The PLGA EFM did not show any antimicrobial activity, while all the CIP-loaded EFMs (drug loading, 1%, w/w) exhibited an inhibition zone ranging from 35-45 mm (Fig. 9) . All EFMs containing ALG showed an inhibition zone equal to or larger than PLGA-CIP EFM indicating that the antimicrobial activity was not compromised by the addition of the ALG particles. The EFM containing 4% ALG showed the best antimicrobial activity, and a significant improvement was found compared to CIP-PLGA EFM (p = .03). This can probably be explained by a higher amount of CIP released from the 4% ALG EFM compared to the other formulations within the studied time period of 24 h. All the CIP-loaded EFMs showed good antibacterial effect, since the diameter of inhibition zone was larger than 21 mm [41] .
Conclusion
In this study, antibiotic-loaded electrospun hydrophobic polymer (PLGA) fibrous mats modified with hydrophilic polymer (soldium alginate) were prepared for wound healing purpose. The addition of hydrophilic polymer improved the wettability, water uptake potential of the hydrophobic mats and facilitated the release of the antibiotic at the early diffusion phase. Moreover, the resulting polymeric fibrous mats exhibited sufficient mechanical support for injure area. This study demonstrated the feasibility of incorporating a hydrophilic natural polymer into a hydrophobic synthetic polymer matrix by the electrospinning process to produce a promising wound dressing material.
